Background-Citicoline is a dietary supplement that has been used as a neuroprotective agent for neurological disorders such as stroke and dementia. Citicoline influences acetylcholine, dopamine, and glutamate neurotransmitter systems; serves as an intermediate in phospholipid metabolism; and enhances the integrity of neuronal membranes. Interest has grown in citicoline as a treatment for addiction since it may have beneficial effects on craving, withdrawal symptoms, and cognitive functioning, as well as the ability to attenuate the neurotoxic effects of drugs of abuse.
Introduction
Addictive disorders are significant public health concerns because they are common, associated with poor outcomes, and result in significant health and economic burdens. Substance use disorders have a 14.6% lifetime prevalence rate in the U.S. (1) and over 20% of all deaths in the U.S. are attributable to substance use and addiction (2) . The National Institute on Drug Abuse estimates that drug and alcohol abuse in the U.S. result in a combined $366 billion annual cost to society (3) .
While much research has been conducted and some promising interventions have been identified, developing effective treatments for addictive disorders remains a significant challenge given that many patients still do not respond to either single or multiple treatment interventions, and effect sizes for these interventions remain modest (4) . One potentially promising pharmacological intervention for the addictive disorders population may be citicoline, a dietary supplement widely studied and used in Europe. While its clinical applications have primarily focused on cognitive impairment and stroke recovery populations, the past several years have seen increased interest in citicoline as a novel agent in the treatment of addictive disorders.
Pharmacological Mechanisms of Citicoline
Citicoline (aka CDP-choline) is marketed as a drug in Europe and Japan and as an over-thecounter dietary supplement in the United States. Citicoline is produced endogenously from choline as an intermediate step in the synthesis of cell membrane phospholipids. When administered exogenously, citicoline is thought to be useful in a variety of neurological disorders, possibly because of its ability to enhance the integrity and function of neuronal membranes. Citicoline is a nucleotide composed of cytosine, choline, ribose, and pyrophosphate (see Figure 1 ). After oral administration, citicoline has a greater than 90% bioavailability and is rapidly metabolized to cytidine and choline (5) . Cytidine is metabolized to uridine, crosses the blood-brain barrier, and is then converted to cytidine triphosphate (CTP). The free choline is phosphorylized into phosphocholine, which combines with CTP to form citicoline. Citicoline and diacylglycerol then form phosphatidylcholine, a precursor in the synthesis of phospholipid membranes (6) (see Figure  2 ). Among other roles in the body, citicoline functions as a metabolite and precursor of the neurotransmitter acetylcholine and is also an essential component of cell membrane phospholipids (7) . As a result, it plays an important role in neuronal structure and signaling (8) .
Citicoline is thought to act as a phosphatidylcholine precursor (9) . Because the brain preferentially uses citicoline for acetylcholine synthesis, the amount of available citicoline for the production of phosphatidylcholine production can be limited, and as a result, phospholipids in neuronal membranes are often catabolized to supply the necessary choline (5). However, if administered exogenously citicoline may help to preserve the integrity of the neuronal membrane (10) and enhance synthesis of structural phospholipids (11) .
Citicoline affects neurotransmitter levels primarily through modulation of catecholaminergic neurotransmission (12, 13) . Citicoline increases norepinephrine in the cerebral cortex and hypothalamus as well as dopamine in the corpus striatum. Additionally, it has been shown to increase serotonin in the cerebral cortex, striatum, and hypothalamus, as well as acetylcholine in the hippocampus and neocortex (5, 14, 15) . Citicoline may reduce brain glutamate activity by increasing expression of excitatory amino acid transporter-2 (EAAT2) (16) . Finally, citicoline increases tyrosine levels in the striatum and also stimulates tyrosine hydroxylase activity and dopamine release (13, 17) .
Citicoline in Neurological Diseases
Citicoline is most widely used as a neuroprotective agent in neurological disorders, including Parkinson's Disease, dementia, traumatic brain injury, glaucoma, and stroke (8) . A Cochrane review concluded that citicoline was more effective than placebo for cognitive impairment in vascular dementia and that it was well tolerated, with a trend towards better tolerability than placebo (14) . A study of citicoline therapy in elderly patients with mild cognitive impairment showed greater improvements in verbal memory compared to placebo (18) . However, another trial showed non-significant effects for citicoline vs. placebo in functional outcomes following traumatic brain injury (19) . While a recent study found citicoline effective for cognitive impairment following stroke (20) , another trial of citicoline in acute stroke patients confirmed safety and tolerability of the medication but did not find significant differences compared to placebo on the primary outcome of global recovery (21) . A drug surveillance study of citicoline in 4,191 stroke patients by Cho & Kim (22) reported that more favorable results were observed in patients given high doses of citicoline (2000-4000 mg/day) for six weeks. The dose-dependency of the citicoline findings in this study was striking, indicating that higher dosing was associated with significant improvements in both the National Institutes of Health Stroke Scale (23) and the Barthel Index (24) of daily living and that tolerability was good regardless of dosing.
Citicoline in Addictive Disorders
Eight studies examined efficacy or potential mechanisms for citicoline in addictive disorders while one (discussed below) focused on safety (Table 1) . Cocaine use disorders have been investigated most frequently in the literature on citicoline for addictive disorders, with five studies published to date. This literature includes several small studies in cocaine dependent patients that are suggestive of a possible efficacy signal. In a small pilot study, Renshaw et al. (26) demonstrated that cocaine users who were treated for 14 days with citicoline (N=6 for citicoline and N=8 for placebo) reported increased control over their cocaine use and decreased urges for cocaine. Licata et al. (27) conducted an eight-week double-blind, placebo-controlled study of citicoline (1000 mg/day) in 29 cocaine-dependent individuals. While citicoline did not significantly reduce cocaine use or craving compared to placebo in this small study, it decreased concomitant cannabis and alcohol use. Braken et al. (28) found no associations between citicoline use and changes in the sleep/wake cycle in 12 cocainedependent volunteers given citicoline (1,000 mg/day) in a double-blind, placebo-controlled study.
To date, the largest study of citicoline for cocaine use was in outpatients with both bipolar disorders and cocaine dependence. Brown et al. (29) conducted a 12-week, placebocontrolled, proof-of-concept study in 44 individuals with bipolar disorder and comorbid cocaine dependence. Citicoline as an add-on therapy (up to 2,000 mg/day) was associated with reduced likelihood of a cocaine-positive urine at exit, with a covariate-adjusted odds ratio estimate of 6.41, suggesting that participants taking placebo had a 6.41-times higher likelihood of testing positive for cocaine than those taking citicoline. Citicoline also improved declarative memory performance. Study completion rates were twice as high for the citicoline group compared to placebo (39.1% vs. 19.0%).
Two studies investigated the effects of citicoline in methamphetamine dependence. In a double-blind, placebo-controlled study of 31 methamphetamine-dependent volunteers, Yoon et al. (30) administered citicoline (n=16) and placebo (n=15) to determine if citicoline was associated with increased levels of prefrontal N-acetyl-aspartate (NAA), a marker of neuronal viability (31) assessed using magnetic resonance spectroscopy, and whether these changes were associated with an increase in negative urine samples. Their findings demonstrated a significant association between citicoline administration (2,000 mg/day) and changes in both NAA and choline-containing compound (Cho) levels. Changes in NAA, but not Cho, levels were associated with negative urine samples. Brown &Gabrielson(32) conducted a double-blind, placebo-controlled trial of citicoline (2,000 mg/day) for bipolar and unipolar depression with comorbid methamphetamine dependence in 48 volunteers over 12 weeks. Participants receiving citicoline (n=28) had a significantly greater reduction in depressive symptoms but not methamphetamine use compared to placebo (n=20). Citicoline was also associated with significantly greater treatment retention and study completion compared to those who received placebo.
One study investigated citicoline in an alcohol dependent population. Chinchilla et al. (33) randomized 20 volunteers with alcohol dependence to citicoline or placebo. After 60 days the group receiving citicoline showed greater improvement than placebo on measures of attention, concentration and temporo-spatial orientation, and also had a 143 point decrease in gamma-glutamyltransferase (GGT) levels as compared to 38 points for the placebo group.
Finally, while not formally classified as an addictive disorder, Killgore et al. (34) recently investigated the effects of citicoline on appetite and cortico-limbic responses to images of high calorie foods. Over the course of six weeks, they compared 500 mg/day (n=8) versus 2,000 mg/day (n=8) doses of citicoline in healthy adult volunteers. After six weeks there was no difference in weight. However, significant declines in appetite ratings and increases in functional brain responses to food stimuli in the amygdala, insula, and lateral orbital cortex as measured by functional magnetic resonance imaging were present in the 2000 mg/day group but not the 500 mg/day group. Notably, increased activation in those brain regions was significantly associated with decreases in appetite ratings.
Safety and Tolerability
The side effect profile for citicoline has been shown to be favorable. A Cochrane review concluded that citicoline tended to be associated with fewer adverse effects than placebo in elderly patients with cerebral disorders (14) . In a large drug surveillance study using citicoline (35) with 2817 cases, no potential side effects were observed in 95% of patients. Of the remaining patients, 4% experienced digestive symptoms (nausea, stomach pain, and diarrhea), and <1% experienced cardiovascular symptoms (low blood pressure or slow or tachycardia). Safety has also been demonstrated in studies of citicoline in neurological conditions such as chronic cerebral disorder (14) , acute ischemic stroke (21) , and traumatic brain injury (19) . In a large study in stroke patients Cho and Kim (22) found good tolerability at doses up to 4,000 mg.
Citicoline was also shown to be safe and well-tolerated in a range of addictive disorder studies. In a double-blind, crossover, placebo-controlled study of eight occasional cocaine users, Lukas et al. (25) administered a small dose of intranasal cocaine on three separate visits and monitored the participants for 3.5 hours. During either the second or third visit, participants were administered a four-day pretreatment consisting of 1,000 mg/day of citicoline. Citicoline administration did not alter the physiological or subjective effects of cocaine. Similarly, Licata et al. (27) found citicoline to be safe during short-term treatment and to reduce scores on a somatic symptoms scale over 12 weeks. In a study by Brown et al. (29) of patients with bipolar disorder and comorbid cocaine dependence they found that citicoline was well-tolerated and also associated with significantly fewer somatic symptoms than the placebo group. Brown &Gabrielson(32) investigated citicoline for patients with bipolar or unipolar depression and comorbid methamphetamine dependence, and similarly found that citicoline was well-tolerated, with few mild side effects and no patients withdrawing from the study or decreasing medication dosage due to side effects.
Discussion
Citicoline has been reasonably well studied in neurological disorders and appears to have potential beneficial effects in a range of conditions including dementia, glaucoma, and stroke (36) (37) (38) . However, the literature on citicoline in addictive disorders is more limited.
The majority of research on citicoline in addictive disorders has focused on cocaine use. The studies of citicoline in cocaine dependence alone have had very small sample sizes and have generally not focused on reduction in drug use. However, the findings suggest excellent tolerability, with no changes in sleep patterns, and possibly a reduction in craving. A larger study of citicoline was conducted in patients with bipolar disorder and cocaine dependence with positive findings on cocaine use but not mood outcomes (29) . These findings suggest that either larger trials of citicoline may be warranted in patients with cocaine use disorders alone or that citicoline may have specific effects in patients with bipolar disorder and cocaine addiction that are not mediated through changes in mood. Because the study of citicoline in bipolar disorder and cocaine dependence was relatively small (n=44) for a trial focusing on mood symptoms, and both manic and depressive symptom severity were relatively modest at baseline, another possibility is that citicoline is effective for mood symptoms, but the study did not have sufficient power to detect this effect. It is noteworthy that the trial of citicoline in a mixed sample of bipolar and unipolar depressed patients with methamphetamine dependence (32) observed improvement in depressive symptoms but not methamphetamine use with citicoline. The studies of citicoline in dual diagnosis populations both used a 2000 mg/day dose, while many of the studies in cocaine use without these comorbidities used 500 mg/day -1000 mg/day doses.
Both studies of citicoline in patients with bipolar disorder and stimulant use disorders observed greater treatment retention with citicoline than placebo. The citicoline study in patients with bipolar disorder and cocaine dependence (29) suggest that citicoline may have fewer side effects than placebo. Thus, it seems unlikely that side effects compromised the integrity of the blind resulting in greater retention because participants suspected they were on active medication. An alternative and highly speculative possibility is that subtle improvements in mood, well-being, or physical symptoms with citicoline might result in greater treatment retention.
One study of citicoline in cocaine dependence did not observe significant differences compared to placebo on cocaine use, but did demonstrate a trend toward less alcohol and cannabis use with citicoline (27) . In addition, a small study of citicoline in patients with alcohol dependence reported promising findings on cognitive measures and GGT levels (33) . Thus, additional research, with larger sample sizes, on citicoline in patients with alcohol or cannabis use disorders is also needed.
A small open label study comparing 500 mg/day vs. 2000 mg/day of citicoline for food craving found that self-rated appetite declined significantly in participants given the 2000 mg/day dose of citicoline (34) . This finding suggests that higher doses of citicoline may be necessary in order to detect significant differences in effects. Furthermore, the authors of the study speculate that citicoline administration may facilitate dopamine release in several brain areas associated with reward including the amygdala. As a result, increased amygdala activation might lead to more aversive reactions to perceived food stimuli and therefore negatively influence craving ratings.
The mechanism by which citicoline may act in addictive diseases is not clear. Given the potent effects of citicoline on cholinergic systems, citicoline may attenuate cravings and withdrawal symptoms via increased acetylcholine and subsequent dopaminergic system modulation. While drug addiction is thought to be a disease of brain reward system dysfunction -with a particular focus on dopaminergic neurotransmitter system -the role of the cholinergic system in the processes underlying drug addiction has garnered increased interest in the study of addiction (39) . Recent research into the mechanisms underlying the influence of the dopaminergic system on drug-taking behavior has identified several cholinergic pathways that appear to play important modulating roles on this system (40) . Acetylcholine connections from the laterodorsal tegmental nucleus to the ventral tegmental area are thought to form a loop with dopamine cells in the midbrain and the pons and prefrontal cortex. As a result, acetylcholine input into dopamine bodies in the ventral tegmental area might serve an important gating function for the information traveling between mesocorticolimbic and mesostriatal systems (41) . Additionally, cholinergic and dopaminergic systems are thought to coordinate reward functioning in the striatum, with various dopamine receptor subtypes controlling acetylcholine transmission as well striatal cholinergic output modulating dopamine output (42) . Further evidence for the modulating effect of citicoline on the cholinergic system comes from magnetic resonance spectroscopy research showing that citicoline administration is associated with increased Cho levels in the brain, although changes in Cho did not correlate with changes in drug use (30) .
Citicoline may decrease initiation and maintenance of drug use, as well as increase treatment adherence and relapse prevention via increased cognitive function mediated by increased acetylcholine release. The literature on citicoline in neurological disorders suggests that it may improve cognition. In addition, the trial of citicoline in patients with bipolar disorder and cocaine dependence suggested improvement in some cognitive domains (29) . Similarly, the study of citicoline for alcohol dependence found that citicoline administration was associated with significant increases in attention, concentration and temporo-spatial orientation (33) .
The role of memory and cognition in the addiction process has drawn increased attention in recent years, with some going as far as to call addiction a disease of learning and memory (43) . Specifically, tonic firing of acetylcholine interneurons in the striatum is temporarily depressed in response to rewarding and aversive environmental stimuli (44) , and they appear finely tuned towards context recognition, movement control and stimulus detection (39) . Furthermore, acute administration of drugs of abuse such as cocaine and amphetamine increase acetylcholine levels in the hippocampus (45) , potentially leading to increased memory consolidation of drug-taking behavior and effects.
However, over time and with chronic administration, acetylcholine receptors may be reduced in number, especially during withdrawal. Consequently, cholinergic agonists such as citicoline may be useful in increasing the acquisition of more adaptive behaviors by strengthening the salience of stimuli not associated with substance abuse (39) . Citicoline has also been shown to improve cognition in early-onset patients with Alzheimer's disease (46) and improved performance on some neuropsychological and cognitive tests such as the Mini Mental State Examination (47) in patients with cognitive decline (48) . Furthermore, through its effects on phospholipid synthesis, citicoline has been associated with improved memory performance and verbal learning in humans (49) . Finally, impulsive behavior and poor decision-making are common in addictions (50) , and citicoline-facilitated improvements in cognition may contribute to decreased rates of relapse in addictive disorders.
Citicoline may also be neuroprotective against the neurotoxic effects of some drugs of abuse. Chronic use of drugs such as cocaine or methamphetamine can result in ischemic injury, in part mediated through glutamate release (51) . Citicoline has been shown to be neuroprotective in both animal and human studies of ischemia, and may therefore buffer against some of the neurotoxic effects of chronic substance abuse. This neuroprotective effect may arise through several mechanisms, including repairing neuronal membranes through increased phosphatidylcholine production, repairing damaged cholinergic neurons through increased acetylcholine production, and reduced free fatty acid accumulation (5) . Citicoline is thought to be neuroprotective through its ability to decrease extracellular glutamate accumulation in various conditions such as ischemia (16) , amyotrophic lateral sclerosis (52) , and central nervous system injury (53) . Evidence from relapse models in cocaine abuse suggests that the glutamatergic system is critically involved in this process. Nucleus accumbens glutamate levels increase during cocaine reinstatement, and glutamate receptor activation is necessary for the reinstatement of drug-seeking behavior (54) . As a result, attenuation of glutamate release via citicoline administration may prove useful as a novel pharmacotherapy for the reduction of drug-seeking behavior.
In summary, citicoline appears to be a promising potential treatment for addictive disorders. It is generally safe and well tolerated, even at higher doses. Initial evidence suggests that citicoline may be useful in reducing cocaine use and possibly alcohol and cannabis use. Some studies, however, have reported negative results. Importantly, the study finding the strongest positive results also included the largest sample and the highest dosing of citicoline, suggesting that future studies ought to consider these factors carefully in order to ensure adequate power to detect significant effects. Issues of insufficient sample sizes and conservative dosing will certainly need to be addressed if the literature is to progress, but there are several other directions that we suggest future research might take.
As is evident from the above discussion, the pharmacodynamics of citicolineare complex and multifaceted. Future research will need to investigate more closely how citicoline administration interacts with different neurotransmitter systems given specific circumstances and conditions. For instance, how might citicoline differentially act on cocaine or methamphetamine addiction compared to alcohol addiction? A more detailed understanding of the mechanisms of action underlying the effects of citicoline might lead to a better understanding of its potential spectrum of efficacy.
Another important area for future research is to test the effects of citicoline in better defined and controlled populations. Several of the larger studies of citicoline in addiction employed dual-diagnosis patients with co-morbid mood disorders. While this patient population is clinically important given that a significant number of people suffering from an addiction also have co-morbid psychiatric conditions, future studies will need to accurately and comprehensively assess psychiatric status in order to better understand the effects of citicoline and addictive disorders in the context of psychiatric conditions. Similarly, accurate documentation of participants' concomitant psychopharmacological treatments is essential.
Finally, future research may benefit from investigating the effects of citicoline in various stages of addiction. For example, as mentioned previously, because of its potential cognitively enhancing properties, citicoline may be especially efficacious during the relapse prevention stage of treatment. The importance of designing studies that are targeted and specific cannot be overstated, particularly with an agent whose actions are likely complex. Citicoline
